Introduction {#s1}
============

Tobacco continues to be widely used world-wide, primarily via cigarette smoking, and is the leading cause of preventable deaths in the United States ([@bib36]). The currently approved treatments for smoking cessation are nicotine replacement therapy, bupropion, and varenicline (Chantix). While varenicline is the most effective, successful quit rates only reach \~50% of smokers ([@bib1]). Other therapies or novel approaches are clearly needed to increase rates of smoking cessation, and the design of smoking cessation reagents would be greatly aided with a mechanistic understanding of how the reagents act.

Nicotine binds to high-affinity nicotinic acetylcholine receptors (nAChRs) in the brain, and binding initiates its addictive effects. nAChRs are members of the Cys-loop family of ligand-gated ion channels, all of which are pentameric neurotransmitter receptors ([@bib26]; [@bib2]). In the mammalian CNS, these critical binding sites are nAChRs composed of α2 - α6 and β2 - β4 subunits; the most predominant contains α4 and β2 subunits ([@bib28]; [@bib33]). The α4β2 nAChR subtype (α4β2R) is closely linked to nicotine addiction ([@bib22]; [@bib58]; [@bib27]). Loss of either subunit in α4 or β2 subunit knockout mice reduces the pharmacological and behavioral effects of nicotine ([@bib40]; [@bib31]). In addition, targeted expression of β2 subunits in the brain ventral tegmental area (VTA) of β2-knockout mice rescues nicotine-seeking behavior and nicotine-induced dopamine release ([@bib32]).

Varenicline is a high-affinity partial agonist for α4β2R. The rationale for its design as a smoking cessation reagent was predicated on the idea that a partial agonist could compete for and reduce cell-surface α4β2R activation by nicotine, reduce dopamine overflow in the mesolimbic reward system and thereby reduce the reward sensation of smoking ([@bib44]). Varenicline does indeed reduce the rapid effects of nicotine on α4β2Rs in VTA dopaminergic neurons and acutely reduces nicotine-induced dopamine release in the nucleus accumbens ([@bib44]). How varenicline alters the longer-lasting effects of nicotine is less clear, however. Nicotine upregulation of nAChRs is linked to different processes in nicotine addiction, including sensitization ([@bib22]; [@bib58]) and withdrawal ([@bib16]) and is the only effect of nicotine on nAChRs that lasts longer than a few minutes. Upregulation occurs when nicotine exposure increases high-affinity nicotine-binding sites in brain, measured by radiolabeled agonists such as nicotine ([@bib29]; [@bib47]; [@bib6]; [@bib8]) or epibatidine ([@bib39]). Chronic varenicline exposure in mice induces upregulation to the same degree, or even more than, chronic nicotine exposure when measured using ^3^H-epibatidine binding to membrane preparations from different brain regions ([@bib24]; [@bib55]). Recent studies using PET imaging in humans found that reversal of α4β2R upregulation was correlated with less smoking relapse ([@bib9]; [@bib50]; [@bib13]). Thus, the observation that varenicline induced upregulation like nicotine was surprising and difficult to reconcile with its smoking cessation actions.

In this study, we describe novel, long-lasting changes in nicotine upregulation by varenicline and other α4β2R ligands. The weak base nature of varenicline and other α4β2R ligands was fundamental to this action on upregulation. Nicotinic receptor ligands that are weak bases have two states, the membrane permeable uncharged state and the membrane impermeable protonated state. Nicotine accumulates in intracellular acidic compartments of cells and neurons because it is more highly protonated at the lower pH ([@bib10]; [@bib7]; [@bib41]), which leads to 'trapping' in these compartments in *Xenopus* oocytes expressing α4β2Rs. After removal of extracellular nicotine, nicotine slowly leaks from the intracellular compartments and causes α4β2R desensitization at the plasma membrane ([@bib25]). However, an analogous phenomenon was not observed in mammalian cells heterologously expressing α4β2Rs ([@bib25]), raising questions as to its relevance to neuronal adaptations to chronic nicotine exposure. Here we find that varenicline, as well as lobeline and epibatidine, are trapped as weak bases within acidic vesicles of live mammalian cells and neurons; in contrast, nicotine rapidly exits these vesicles. The trapping is selective depending on ligand pK~a~ and affinity for α4β2Rs in acidic vesicles. Using ^125^I-epibatidine binding, we directly measured trapping and slow release from acidic vesicles and found it required α4β2R expression and increased with nicotine upregulation. Using pH-sensitive, pHluorin-tagged α4 subunits, we found that nicotine increased the numbers of acidic vesicles containing α4β2Rs, thereby promoting accumulation of ^125^I-epibatidine. Our results provide a new paradigm for how smoking cessation occurs and suggests how more effective smoking cessation reagents can be designed.

Results {#s2}
=======

Varenicline and lobeline reduce nicotine upregulation assayed by ^125^I-epibatidine binding sites {#s2-1}
-------------------------------------------------------------------------------------------------

We determined if the smoking cessation drug and partial agonist varenicline, as well as other nAChR ligands, caused upregulation of nAChRs or altered nicotine upregulation using HEK cells stably expressing α4β2Rs or cortical neurons expressing endogenous α4β2Rs. α4β2R upregulation was assayed with two approaches: ^125^I-epibatidine binding ([Figure 1](#fig1){ref-type="fig"}) or patch-clamp recording of ACh-evoked currents ([Figure 2](#fig2){ref-type="fig"}). Binding and function were assayed following 17--20 hr treatments of cells with control media, nAChR ligand (e.g., varenicline), nicotine (1 or 10 μM), and nAChR ligand co-incubated with nicotine. All results were normalized to the amount of binding or mean current amplitude observed with the nicotine-only condition (i.e., the upregulated state). Values for mean, variance and numbers of measures are given in the figure legends.10.7554/eLife.25651.003Figure 1.Effect of smoking cessation reagents on α4β2R upregulation.(**A**) Nicotine, varenicline and lobeline chemical structures. (**B**) Varenicline and lobeline reduced nicotine upregulation of α4β2Rs for live cells, but not membranes. ^125^I-epibatidine binding performed on live α4β2R-expressing HEK cells (left) (n = 3) or membranes (right) (n = 3). Cells were treated for 17 hr with 30 μM varenicline or 30 μM lobeline with or without 10 μM nicotine. Specific epibatidine binding was represented as % of binding relative to nicotine upregulated cells (**C**) Model of varenicline (Var) trapping in acidic vesicles. Varenicline is trapped when protonated in the acidic vesicle lumen.α4β2Rs on the plasma membrane are depicted in two states: α4β2Rs with and without high-affinity binding sites consistent with the findings of Vallejo *et al*. ([@bib5]). (**D**) An intracellular acidic compartment is required for varenicline and lobeline effects on upregulation. ^125^I-epibatidine binding performed on live α4β2R HEK cells with 20 mM NH~4~Cl treatment for 10 min. Cells were exposed to 30 μM varenicline or 30 μM lobeline with or without 10 μM nicotine for 17 hr as in (**B**) (n = 4). (**E**) A distribution plot comparing the reduction in upregulation (^125^I-epibatidine binding) by varenicline and lobeline to the recovery after disruption of intracellular pH gradient by membrane preparation or various agents that raise pH in intact cells. Each point represents the mean and the standard error of the mean (s.e.m) from the indicated columns in [Figure 1B,D](#fig1){ref-type="fig"}, and [Figure 1---figure supplement 2A,B](#fig1s2){ref-type="fig"}. (**F**) ^125^I-epibatidine binding on live cortical neurons without (left) or with (right) 20 mM NH~4~Cl treatment. Neurons were exposed to varenicline or lobeline as in **B**) in the presence or absence of 1 μM nicotine (n = 3). (**G**) Varenicline reduced nicotine induced upregulation of human α4β2Rs. ^125^I-epibatidine binding was performed on live cells either stably expressing rat α4β2R or transiently expressing human α4β2Rs. HEK cells were transfected with human α4 and β2 subunits for 24 hr. Cells were treated with 100 nM or 30 μM varenicline in the presence of 10 μM nicotine for 17 hr prior to ^125^I-epibatidine binding (n = 3). In all the column graphs in (**B, D, F, G**): \*p\<0.05; \*\*p\<0.00 one by one-way ANOVA with Bonferroni's multiple comparison test; n indicates number of independent experiments performed on separate days and cultures. Columns represent group mean and error bars are the standard error of the mean (s.e.m).**DOI:** [http://dx.doi.org/10.7554/eLife.25651.003](10.7554/eLife.25651.003)10.7554/eLife.25651.004Figure 1---figure supplement 1.Dose dependence of varenicline and lobeline effects on upregulation.(**A**) Dose dependence of varenicline upregulation. α4β2R-expressing cells were treated with increasing concentration of varenicline for 17 hr. Cells were washed with PBS prior to ^125^I-epibatidine binding and with (red-filled circles) or without 20 mM NH~4~Cl (black-filled circles) treatment for 10 min (n = 3). (**B**) Dose dependence of varenicline on nicotine upregulation. Cells were treated with increasing concentration of varenicline with 10 μM nicotine for 17 hr and treated with (red-filled squares) or without 20 mM NH~4~Cl (black-filled squares) treatment for 10 min as in (**A**) (n = 3). (**C**) Dose dependence of lobeline upregulation. α4β2R-expressing cells were treated with increasing concentration of lobeline for 17 hr and treated with (blue-filled circles) or without 20 mM NH~4~Cl (black-filled circles) treatment for 10 min as in A (n = 3). (**D**) Dose dependence of lobeline on nicotine upregulation (n = 3). For all the points in (**A, B, C, D**): error bars represent mean ± s.e.m. n indicates number of independent experiments performed on separate days and cultures.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.004](10.7554/eLife.25651.004)10.7554/eLife.25651.005Figure 1---figure supplement 2.Altering intracellular pH of acidic vesicles alters the effects of varenicline and lobeline.(**A**) ^125^I-epibatidine binding on α4β2R-expressing HEK cells exposed to varenicline or lobeline 17 hr at 30 μM and then incubated twice (5 min each) with Bafilomycin A (50 nM), an inhibitor of vacuolar type H^+^ -ATPase (proton pump), prior to performing radio-ligand binding (n = 3). (**B**) ^125^I-epibatidine binding on α4β2R-expressing HEK cells exposed to varenicline or lobeline 17 hr at 30 μM and then incubated twice (5 min each) with a weak base chloroquine (150 μM) prior to performing radio-ligand binding (n = 3). In column graphs in A and B: \*\*\*p\<0.001 by one-way ANOVA with Bonferroni's multiple comparison test. n indicates number of independent experiments performed on separate days and cultures and error bars indicate mean ± s.e.m.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.005](10.7554/eLife.25651.005)10.7554/eLife.25651.006Figure 1---figure supplement 3.Release by NH~4~Cl treatment of α4β2R ligands trapped inside the acidic compartment.(**A**) Schematic of the experimental details. ([@bib36]). HEK cells stably expressing α4β2Rs were untreated or treated with 30 μM varenicline or lobeline for 17 hr. Cells incubated in 20 mM NH~4~Cl/PBS for 10 min. ([@bib1]). Untreated cells receiving NH~4~Cl/PBS from untreated, varenicline or lobeline pre-treated cells. (**B**) ^125^I-epibatidine binding was performed on untreated cells receiving NH~4~Cl/PBS from cells that had been treated as in ([@bib1]). Error bars represent mean ± standard deviation (s.d) from triplicate samples.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.006](10.7554/eLife.25651.006)10.7554/eLife.25651.007Figure 2.Effect of smoking cessation reagents on functional upregulation.(**A**) In this and other recordings, a 17--20 hr treatment with nicotine (Nic, 10 μM) induced a robust, \~5 fold, increase in peak current amplitudes evoked by 1 mM ACh from α4β2R-expressing HEK cells. Varenicline (Var, 30 μM) treatment for an equivalent time had no effect on ACh-evoked peak current amplitudes alone but prevented upregulation of nAChR function when co-incubated with nicotine. Traces represent currents evoked by ACh in cells that were untreated or treated for 17 hr with vehicle, nicotine, varenicline, or with varenicline and nicotine. The number of recordings were 16, 18, 18, and 17, respectively. (**B**) Chronic lobeline (Lob, 30 μM) exposure reduced the peak ACh current amplitude relative to control and prevent nicotine upregulation. Traces represent currents evoked by ACh in cells that were untreated or treated for 17 hr with vehicle, nicotine, lobeline, or with lobeline and nicotine. The number of recordings were 13, 18, 13, and 15, respectively. (**C**) NH~4~Cl treatment (two 10 min washes) partially reverses the suppressive effects of varenicline on nicotine-induced functional upregulation. Traces show representative currents evoked by ACh from cells pretreated for 17--20 hr with vehicle, nicotine, or nicotine and varenicline before exposure to NH~4~Cl. The varenicline-alone condition is omitted for clarity. The graph is as in (**A**) except that the cells were treated with NH~4~Cl as noted. The profound reduction in nicotine-induced upregulation caused by varenicline co-incubation was lessened following treatment with NH~4~Cl. The number of recordings were 21, 22, 25, and 25, respectively. (**D**) Traces show representative currents evoked by ACh from cells pretreated for 17--20 hr with vehicle, nicotine, or nicotine and lobeline before exposure to NH~4~Cl. In this dataset, lobeline-induced suppression of nicotine upregulation was modestly attenuated by treatment with NH~4~Cl. The number of recordings were 14, 15, 16, and 19, respectively. In all the column graphs: \* p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001 by one-way ANOVA with Tukey's multiple comparison test. Columns show group mean and error bars are the s.e.m.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.007](10.7554/eLife.25651.007)

Varenicline ([Figure 1A](#fig1){ref-type="fig"}) at 30 μM did not upregulate ^125^I-epibatidine binding in α4β2R-expressing HEK cells ([Figure 1B](#fig1){ref-type="fig"}, 'Var', red columns in the left, 'live cells' half of the graph) nor in cortical neurons ([Figure 1F](#fig1){ref-type="fig"}, left) following 17 hr of exposure. However, a full concentration-response curve with chronic varenicline revealed an inverted U-shaped dependence of upregulation of binding that peaked at 60--70% of that observed with nicotine, which occurred at varenicline concentrations between 100 nM and 1 μM ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}, black circles). When co-applied with nicotine, varenicline (30 μM) prevented nicotine upregulation of binding in both heterologous cells and cortical neurons ([Figure 1B,F](#fig1){ref-type="fig"}). The reversal of the actions of nicotine on α4β2R binding also was concentration-dependent, with upregulation decreasing exponentially with increased varenicline concentration ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}, black squares). Thus, chronic varenicline exposure precludes nicotine upregulation of binding when assayed in living cells.

Recent studies indicate that varenicline concentrations in the brain are likely to be higher than in plasma because of the presence of high-affinity binding to nAChRs ([@bib45]). Based on this study's estimates, unbound varenicline concentrations in the brain fall in the range of 32 to 131 nM and plasma concentrations are approximately 4-fold lower. In addition, a previous study found differences in varencilcine binding to human α4β2Rs compared to rat α4β2Rs when expressed in Xenopus oocytes ([@bib37]). In order to compare, human and rat α4β2Rs at relevant concentrations, we measured the effect of varenicline on nicotine upregulation at 0, 100 nM and 30 μM. We found that at 100 nM varenicline nicotine upregulation was significantly reduced to \~60% of the level without varencline ([Figure 1G](#fig1){ref-type="fig"}) for both rat and human α4β2Rs. These results indicate that varenicline should reduce nicotine upregulation at concentrations expected to exist in brain. In contrast, varenicline is unlikely to act as a partial agonist at these concentrations ([@bib45]). We also found no significant differences between rat and human α4β2Rs at 0, 100 nM and 30 μM varenicline ([Figure 1G](#fig1){ref-type="fig"}).

Another nAChR partial agonist, lobeline, reported to have smoking cessation activity ([@bib14]; [@bib34]) had effects similar to those of varenicline ([Figure 1A](#fig1){ref-type="fig"}). Chronic exposure to lobeline alone or together with nicotine reduced ^125^I-epibatidine binding levels below that observed for the untreated cells and neurons ('Lob', blue columns in the left, 'live cells' half of the graphs in [Figure 1B,F](#fig1){ref-type="fig"}). The inverted U-shaped concentration-dependence of lobeline effects on upregulation was similar to that of varenicline. ^125^I-epibatidine binding peaked at \~50% of nicotine-induced upregulation, was maximal at 100 nM -- 1 μM, ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}, black circles), and co-incubation with nicotine reduced upregulation exponentially with increasing concentrations of lobeline ([Figure 1---figure supplement 1D](#fig1s1){ref-type="fig"}, black squares). Lobeline therefore has very similar effects as varenicline in preventing nicotine upregulation.

Intact HEK cells or neurons were required to observe the block by varenicline and lobeline of nicotine upregulation. If ^125^I-epibatidine binding was performed on membrane fragments instead of intact cells, varenicline upregulated ^125^I-epibatidine binding in α4β2R-expressing HEK cells to the same degree as nicotine and did not reduce nicotine upregulation ([Figure 1B](#fig1){ref-type="fig"}, red columns on right, 'membranes' half of the graph). Lobeline exposure upregulated ^125^I-epibatidine binding to about 50% of that of observed with nicotine treatment and reduced nicotine upregulation by 50% ([Figure 1B](#fig1){ref-type="fig"}, blue columns on right half of the graph). The effects of varenicline and lobeline on nicotine upregulation were therefore distinct in live cells and membrane fragments, which could explain why previous studies found that chronic varenicline exposure upregulated ^3^H-epibatidine binding to brain tissue to the same degree as nicotine and reported no effect of varenicline exposure on nicotine upregulation ([@bib24]; [@bib55]). These experiments were done with membrane preparations, whereas the suppressive activity of varenicline on nicotine upregulation was only observed in intact cells.

An intracellular acidic compartment is required for varenicline and lobeline effects on upregulation and ACh-activated currents {#s2-2}
-------------------------------------------------------------------------------------------------------------------------------

An attractive hypothesis to explain why intact cells were required for suppression of upregulation is that varenicline and lobeline, as weak bases, are concentrated and trapped in intracellular acidic compartments where they are highly protonated. A schematic of how this might occur is displayed in [Figure 1C](#fig1){ref-type="fig"}. This process was described previously for nicotine in *Xenopus* oocytes expressing α4β2Rs ([@bib25]); furthermore, slow release of nicotine from acidic compartments caused α4β2R desensitization, thereby reducing ACh-induced α4β2R currents. We postulated that similar processes could account for the differential effects of varenicline and lobeline exposure on nicotine-induced upregulation in live cells versus membrane fragments ([Figure 1B](#fig1){ref-type="fig"}). That is, varenicline and lobeline also could be trapped due to protonation, slowly leak out after removal from the extracellular solution, and consequently reduce ^125^I-epibatidine binding and functional upregulation as shown in [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}.

To test this hypothesis, we determined if suppression of nicotine upregulation by varenicline and lobeline was relieved by increasing the pH of intracellular compartments, thereby reducing the protonation of the two nAChR ligands. The pH gradient was made more basic using three different strategies. First, live HEK cells were incubated briefly with ammonium chloride (NH~4~Cl; 20 mM) prior to ^125^I-epibatidine binding. We reasoned that this should result in ^125^I-epibatidine binding similar to that observed with the membrane preparation in [Figure 1B](#fig1){ref-type="fig"} (right half) as a result of shifting the equilibrium to uncharged species of the ligands at more basic pHs. NH~4~Cl treatment altered the effects of varenicline and lobeline on ^125^I-epibatidine binding; both ligands produced upregulation of binding ([Figure 1D](#fig1){ref-type="fig"} left half, [Figure 1---figure supplement 1A,C](#fig1s1){ref-type="fig"}), in contrast to their actions at physiological pH ([Figure 1B](#fig1){ref-type="fig"}, leftmost trio of columns). Moreover, NH~4~Cl exposure following co-incubation with nicotine relieved the suppression of upregulation by varenicline and lobeline ([Figure 1D](#fig1){ref-type="fig"}, right trio of columns, [Figure 1](#fig1){ref-type="fig"}-figure supplement B, D), such that ^125^I-epibatidine binding in these conditions were indeed similar to the results using membrane preparations ([Figure 1B](#fig1){ref-type="fig"}, rightmost trio of columns). NH~4~Cl treatment of cultured cortical neurons had similar effects on ^125^I-epibatidine binding after varenicline or lobeline exposures ([Figure 1F](#fig1){ref-type="fig"}, right half of graph). We also obtained similar ^125^I-epibatidine binding results with HEK cells using two other methods to reduce the pH gradient - incubation with the proton pump inhibitor bafilomycin A (Baf, 50 nM; [Figure 1E](#fig1){ref-type="fig"}, [Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}) or with the weak base chloroquine (Chlor, 150 μM; [Figure 1E](#fig1){ref-type="fig"}, [Figure 1---figure supplement 2B](#fig1s2){ref-type="fig"}). In [Figure 1E](#fig1){ref-type="fig"} is a comparison of how varenicline (Var) or lobeline (Lob) affects ^125^I-epibatidine binding to α4β2R-expressing HEK cells for all of these conditions. When performed on membrane preparations or in conditions that increased the pH of cellular acidic compartments, ^125^I-epibatidine binding was increased consistent with upregulation of α4β2Rs. This upregulation of binding was not observed for intact cells.

The second assay we used for α4β2R upregulation was to measure changes in the mean amplitude of ACh-induced currents in the receptor-expressing HEK cells following exposure to nicotine or other agents ([Figure 2](#fig2){ref-type="fig"}). Cells were treated for 17--20 hr as shown; we then carried out whole-cell voltage recordings while rapidly applying ACh (1 mM) for 1 s. Nicotine upregulation of currents from α4β2R-expressing HEK cells was observed as an increase by \~5 fold in mean peak current amplitudes (e.g., [Figure 2A](#fig2){ref-type="fig"}, white vs. black column). Varenicline and lobeline (both at 30 μM) exposure altered the ACh-induced currents in parallel with what we observed in ^125^I-epibatidine binding assays with live cells ([Figure 2A,B](#fig2){ref-type="fig"}). Exposure to varenicline alone did not alter nAChR current amplitudes, whereas lobeline reduced the mean amplitude to below that of control (untreated) receptor currents. When co-incubated with nicotine, both varenicline and lobeline occluded functional upregulation; lobeline treatment again reduced nAChR currents to a mean amplitude below even that of the control group. Neither treatment changed the time course of desensitization of the ACh currents. Thus, varenicline and lobeline prevented nicotine-induced functional upregulation of α4β2R nAChR currents. NH~4~Cl (20 mM) treatment also partly restored nicotine-induced functional upregulation of ACh currents in lobeline and varenicline treated α4β2R-expressing HEK cells ([Figure 2C,D](#fig2){ref-type="fig"}), albeit to a lesser degree than as observed with the binding experiments.

We performed additional experiments to test whether varenicline and lobeline are released from intracellular acidic compartments after being trapped in the α4β2R-expressing HEK cells. The protocol is displayed schematically in [Figure 1---figure supplement 3A](#fig1s3){ref-type="fig"}. Briefly, HEK cells chronically treated with varenicline or lobeline for 17 hr were washed to remove free ligands and incubated with NH~4~Cl-containing PBS for 10 min, which we predicted would cause varenicline or lobeline to be rapidly released from intracellular acidic compartments. The supernatant from the treated cells was then added to a different set of receptor-expressing HEK cells that had not been exposed to varenicline or lobeline. ^125^I-epibatidine binding was performed on the second set of cells to test whether each supernatant contained competitive ligands that reduced binding (indicative of the presence of varenicline or lobeline). Consistent with the release of varenicline and lobeline from intracellular acidic compartments, ^125^I-epibatidine binding was highly reduced for cells that received the bathing solution from cells chronically treated with varenicline or lobeline as compared to untreated cells ([Figure 1---figure supplement 3B](#fig1s3){ref-type="fig"}). These results strongly suggest that the weak bases re-equilibrate across the plasma membrane from intracellular compartments in NH~4~Cl, and that they concentrate in sufficiently high concentration to compete for binding to nAChRs.

nAChR weak base ligands exhibit different degrees of intracellular trapping {#s2-3}
---------------------------------------------------------------------------

We next tested if nicotine itself was trapped in intracellular compartments of HEK cells expressing α4β2Rs. Nicotine upregulation of ^125^I-epibatidine binding from live cells was similar to that in membrane preparations ([Figure 1](#fig1){ref-type="fig"}) and following neutralization of the pH gradient of acidic compartments ([Figure 1D](#fig1){ref-type="fig"}). Functional upregulation of ACh currents by nicotine also did not change if the pH gradient of acidic compartments was diminished ([Figure 2C,D](#fig2){ref-type="fig"}). These observations are consistent with previous findings that nicotine is not trapped in the acidic compartment of α4β2R-expressing HEK cells ([@bib25]).

We tested whether other α4β2R ligand weak bases were trapped in the intracellular acidic compartment like varenicline and lobeline. Dihydro-beta-erythroid (DHβE, [Figure 3A](#fig3){ref-type="fig"}) is a weak base and a α4β2R competitive antagonist. Despite being a competitive antagonist, DHβE was found to induce upregulation of α4β2R high-affinity binding sites ([@bib59]). Consistent with previous findings, we observed a 2-fold upregulation of ^125^I-epibatidine binding with 17 hr of exposure of the cells to 100 μM DHβE ([Figure 3B](#fig3){ref-type="fig"}). At this concentration, acute application of DHβE completely inhibits ACh-induced currents (data not shown), as was shown previously ([@bib60]). Conversely, prolonged DHβE exposure upregulated ACh-induced currents, similar to the binding sites ([Figure 3E](#fig3){ref-type="fig"}). DHβE did not occlude nicotine upregulation when the two ligands were co-incubated, however, demonstrating that it has a different effect on functional upregulation than varenicline and lobeline. Like nicotine, we see no evidence of DHβE being trapped in binding assays; upregulation of ^125^I-epibatidine binding was unchanged whether membranes were assayed (data not shown) or if the pH gradient of acidic compartments was diminished with NH~4~Cl treatment ([Figure 3B](#fig3){ref-type="fig"}, green columns in the right half of the graph).10.7554/eLife.25651.008Figure 3.α4β2R weak base ligands exhibit different degrees of intracellular trapping.(**A**) DHβE, mecamylamine and epibatidine chemical structures. (**B**) NH~4~Cl treatment does not alter DHβE (DH) upregulation. ^125^I-epibatidine binding performed on live α4β2R-expressing cells without (left) or with (right) NH~4~Cl treatment as in [Figure 1D](#fig1){ref-type="fig"}. Cells were treated for 17 hr with 100 μM DHβE with or without 10 μM nicotine (n = 6: -NH~4~Cl; n = 4: +NH~4~Cl)). The profile was similar to cells washed with PBS, indicating no effect of pH on DHβE. (**C**) Intact cells were treated with 30 μM epibatidine (Epb) and ^125^I-epibatidine binding were performed after incubating the cells with (left) or without (right) 20 mM NH~4~Cl/PBS (n = 3). Column graphs in (**B, C**): \*\*\*, p\<0.001 by one-way ANOVA with Bonferroni's multiple comparison test. n indicates number of independent determinations on separate days and cultures. (**D**) A distribution plot comparing upregulation (^125^I-epibatidine binding) by DHβE, mecamylamine and epibatidine before and after disruption of intracellular pH gradient by various agents that raise pH in intact cells. Each point represents the mean and s.e.m from the indicated columns in [Figure 3B,C](#fig3){ref-type="fig"} with the exception of the mecamylamine data, where the data are not displayed elsewhere, and the points are the means and s.e.m (n = 4) where n indicates number of independent determinations on separate days and cultures. (**E**) ACh-evoked currents following 17--20 hr treatment of α4β2-expressing HEK cells with vehicle, nicotine, DHβE (DH, 100 μM), or nicotine and DHβE. The number of recordings were 17, 21, 15 and 21, respectively. DHβE appeared to upregulate ACh function but the currents were variable in their amplitude and the mean was not statistically different from the vehicle group. No attenuation of nicotine upregulation was observed with DHβE. (**F**) Epibatidine (Epb, 30 μM) shows effects on ACh currents similar to that of varenicline. Current amplitudes were similar to the vehicle control when cells were incubated with epibatidine alone, but co-incubation with nicotine prevented functional upregulation. The number of recordings were 14, 22, 17 and 24, respectively. In all the column graphs: \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001 by one-way ANOVA with Tukey's multiple comparison test; n indicates the number of experimental repetitions. Columns show group mean and error bars are the s.e.m.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.008](10.7554/eLife.25651.008)10.7554/eLife.25651.009Figure 3---figure supplement 1.Dose dependence of epibatidine effects on upregulation.(**A**) Dose dependence of epibatidine upregulation. α4β2R-expressing cells were treated with increasing concentration of epibatidine for 17 hr. Cells were washed with PBS prior to ^125^I-epibatidine binding and with (magenta-filled circles) or without 20 mM NH~4~Cl (black-filled circles) treatment for 10 min (n = 3). (**B**) Dose dependence of epibatidine on nicotine upregulation. Cells were treated with increasing concentration of epibatidine with 10 μM nicotine for 17 hr and treated with (magenta -filled squares) or without 20 mM NH~4~Cl (black-filled squares) treatment for 10 min as in (**A**) (n = 3). For all the points in (**A, B**): error bars represent mean ± s.e.m. n indicates number of independent experiments performed on separate days and cultures.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.009](10.7554/eLife.25651.009)

Why do the weak bases nicotine and DHβE differ from varenicline and lobeline with respect to trapping? One likely factor is their degree of protonation at the pH found in intracellular compartments (pH 5--6). Protonation of weak bases depends on the acid dissociation constant, pKa ([@bib54]), and the pKa values of nicotine and DHβE are significantly lower than those of varenicline and lobeline ([Table 1](#tbl1){ref-type="table"}). Based on this correlation between their physical properties and our current data, we propose that nicotine and DHβE are less likely than varenicline and lobeline to be trapped because they are less likely to be in their protonated form in an acidic compartment.10.7554/eLife.25651.010Table 1.pK~a~s and K~i~s for the studied weak base α4β2R ligands**DOI:** [http://dx.doi.org/10.7554/eLife.25651.010](10.7554/eLife.25651.010)**Weak basepK~a~**\
**(Basic)K~i~TrappingVarenicline**\
(partial agonist)9.2 ([@bib56])0.4 nM ([@bib45])Yes**Lobeline**\
(partial agonist)8.8 ([@bib17])four nM ([@bib14])Yes**Epibatidine**\
(agonist)9.5 ([@bib12])0.01--0.05 nM ([@bib59]; [@bib3])Yes**Nicotine**\
(agonist)8.0 ([@bib4])eight nM ([@bib59])No**DHβE**\
(competitive antagonist)7.3 ([@bib11])0.3 μM ([@bib59])No**Mecamylamine** (noncompetitive antagonist)11.2 ([@bib42]; [@bib35])\>1 mM ([@bib59])No

As another test, we examined how the noncompetitive antagonist mecamylamine ([Figure 3A](#fig3){ref-type="fig"}), a weak base with a pKa higher than that of varenicline and lobeline ([Table 1](#tbl1){ref-type="table"}), altered binding or functional activity alone and when co-incubated with nicotine. For exposures for 17--18 hr at concentrations up to 100 μM, there was no evidence of upregulation as assayed by ^125^I-epibatidine binding ([Figure 3D](#fig3){ref-type="fig"}) or by ACh-induced currents (data not shown). Acute application of mecamylamine (100 μM) inhibited ACh-induced currents (data not shown) as previously observed ([@bib60]), confirming that the drug had the expected pharmacological activity. Despite its high pKa value, we observed no evidence of mecamylamine being trapped because there was no difference in the binding when performed on membranes (data not shown) or if the pH gradient of acidic compartments was diminished with NH~4~Cl treatment ([Figure 3D](#fig3){ref-type="fig"}). We propose that two possible mechanisms could account for the lack mecamylamine trapping and the absence of an effect on nicotine upregulation of nAChR current amplitudes. The ligand has a very high pKa (11.2) and therefore might be in a protonated state and unable to permeate the plasma membrane. However, mecamylamine appears to readily cross the blood-brain barrier and cell membranes ([@bib49]). A more likely possibility is that trapping also requires high-affinity ligand binding to α4β2R located within acidic compartments. The affinity of mecamylamine for its α4β2R binding site is very low ([Table 1](#tbl1){ref-type="table"}) and thus accumulation is precluded as discussed below.

We predicted that epibatidine itself would be trapped in acidic compartments if indeed a high pKa value (greater than that of nicotine) and high-affinity binding to α4β2R sites are important determinants of this phenomenon. The pKa value and affinity for epibatidine are both higher than those for varenicline and lobeline ([Table 1](#tbl1){ref-type="table"}). In intact cells, epibatidine (30 μM) did not promote upregulation of either ^125^I-epibatidine binding ([Figure 3C](#fig3){ref-type="fig"} left half, D; [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}) or ACh-induced currents ([Figure 3F](#fig3){ref-type="fig"}). However, epibatidine reduced nicotine-induced upregulation in both assays ([Figure 3C](#fig3){ref-type="fig"} left half, D; [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}). These effects of epibatidine on binding sites changed when the cells were treated with NH~4~Cl ([Figure 3C](#fig3){ref-type="fig"} right half, D; [Figure 3---figure supplement 1A,B](#fig3s1){ref-type="fig"}). With NH~4~Cl treatment, we observed upregulation of ^125^I-epibatidine binding to 60% of the nicotine induced value and that nicotine upregulation was reduced by 40%. Thus, epibatidine behaves in a qualitatively similar way as varenicline and lobeline with respect to upregulation and therefore is subject to trapping in intracellular compartments, consistent with the phenomenon arising from a combination of high binding affinity for the receptor and a very basic pKa.

Direct measurements of ^125^I-epibatidine trapping and rate of release {#s2-4}
----------------------------------------------------------------------

In the preceding experiments, we inferred that trapping in intracellular compartments produced the agonist-specific effects observed in binding and functional assays. We next attempted to directly measure ^125^I-epibatidine trapping and release from acidic compartments. We anticipated that intracellular trapping of the radioligand results in two distinct pools of ^125^I-epibatidine in the cells: one pool represents ^125^I-epibatidine bound to intracellular and cell-surface α4β2Rs, whereas the second pool would arise from unbound ^125^I-epibatidine trapped within intracellular acidic compartments. These two pools were differentiated by analysis of the association and dissociation kinetics of ^125^I-epibatidine binding in living receptor-expressing HEK cells. First, association rates were determined to test if ^125^I-epibatidine binding to intracellular α4β2Rs is significantly slower than to cell-surface α4β2Rs, which would be revealed as an association rate curve with two or more rates of binding. However, the data are consistent with a single exponential process and an association rate constant of 3.8 × 10^7^ (M-sec)^−1^ ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}), similar to previous measurements using ^3^H-epibatidine on isolated membrane preparations containing α4β2Rs ([@bib59]; [@bib21]; [@bib48]) and to intact cells ([@bib59]). The single association rate is consistent with ^125^I-epibatidine binding with very similar rates to all cellular α4β2Rs and indicates that the radioligand crosses cellular membranes rapidly enough that permeation does not significantly contribute to the binding rate ([Figure 4E](#fig4){ref-type="fig"}).10.7554/eLife.25651.011Figure 4.Direct measurements of ^125^I-epibatidine trapping.(**A**) The biphasic dissociation of ^125^I-epibatidine from α4β2R HEK cells measured at 37°C. Bound ^125^I-epibatidine is normalized to % bound at time 0. The line through the data represents a least-squares fit of a double exponential function: % Bound(t) = A~f~ exp(-k~f~t) + A~s~ exp(-k~s~t) where A~f~(38 ± 6%) and A~s~ (62 ± 8%) are the **%** bound ^125^I-epibatidine at time (t) = 0 for the fast and slow component respectively; k~f~ (1.5 ± 0.6×10^−3^ sec^−1^) and k~s~ (6.0 ± 1.4×10^−6^ sec^−1^) are the time constants for the fast and slow component respectively (n = 4). (**B**) Addition of 100 μM nicotine causes the rapid release of slowly dissociating bound ^125^I-epibatidine. Dissociation of ^125^I-epibatidine measured at 37°C as in A except after adding 100 μM nicotine at to start the dissociation measurement. The line through the data with the exception of the initial data point represents a least-squares fit of a single exponential function: % Bound(t) = A~f~ exp(-k~f~t) where k~f~ was 7.0 ± 1.3×10^−4^ sec^−1^ (n = 3). (**C**) The rapid dissociation of bound ^125^I-epibatidine measured after washing the cells with increasing concentrations of nicotine. α4β2R HEK cells were with treated with 10 μM nicotine (dark circles) or left untreated (white squares) for 17 hr. The cells were washed. Cells were washed with PBS followed by three washes with indicated concentrations of nicotine prior to performing ^125^I-epibatidine binding (n = 3). For all the points in **A, B, C**: error bar represents mean ± s.e.m. (**D**) ^125^I-epibatidine binding to α4β2R-expressing HEK cells versus HEK cells lacking α4β2Rs. 1 mM nicotine was added during ^125^I-epibatidine binding to estimate nonspecific binding (n = 3). (**E**) Altered model of ligand trapping with high-affinity α4β2Rs in the acidic vesicles. (**F**) Nicotine exposure increases trapped ^125^I-epibatidine. The levels of trapped ^125^I-epibatidine were determined with the addition of 100 μM nicotine to start the dissociation. Trapped ^125^I-epibatidine was released within 1 min of the nicotine addition as in [Figure 4B and C](#fig4){ref-type="fig"} for cells untreated (-Nic) or treated with 10 μM nicotine (+Nic) for 17 hr. Plotted is the released ^125^I-epibatidine in pmoles normalized to untreated cells (n = 3). For (**D, F**): error bar represents mean ± s.e.m. \*\*p\<0.001 by Student's t-test. (**A-D,F**): n indicates number of independent experiments performed on separate days and cultures.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.011](10.7554/eLife.25651.011)10.7554/eLife.25651.012Figure 4---figure supplement 1.Association rate of ^125^I-epibatidine.Live cells were bound with 0.1 nM ^125^I-epibatidine at room temperature for the indicated times. The line through the points represents a least-squares fit to the normalized ^125^I-epibatidine uptake for the α4β2R-expressing HEK cells plotted as the fraction \[^125^I-Epb\]~up~(t) / \[^125^I-Epb\]~up~(0) and fit by the equation \[^125^I-Epb\]~up~(∞) / \[^125^I-Epb\]~up~(0)(1 - (exp(-kt))+1, where \[^125^I-Epb\]~up~(t) is the ^125^I-epibatidine uptake at time t, \[^125^I-Epb\]~up~(0) at time 0, \[^125^I-Epb\]~up~(∞) at saturation and k the association rate. Three independent experiments were performed on separate days and cultures. For all the points in the plot, error bars represent mean ± s.e.m from three independent experiments.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.012](10.7554/eLife.25651.012)

Second, analysis of the dissociation of ^125^I-epibatidine exiting the α4β2R-expressing cells revealed a biphasic time course that was best fit as the sum of two exponential processes ([Figure 4A](#fig4){ref-type="fig"}). The faster dissociating component (τ = 11.4 min; 1.5 × 10^−3^ sec^−1^),\~40% of the total binding, was similar to rates previously measured for unbinding of radio-labeled epibatidine from α4β2Rs in membrane fragments. In contrast, the slower dissociation component (τ = 47 hr) had a rate constant of 6.0 × 10^−6^ sec^−1^ and therefore was \>100 fold slower than previous measurements of ^125^I-epibatidine unbinding from α4β2Rs. We hypothesize that this slow component of ^125^I-epibatidine dissociation arose from radioligand trapped in intracellular acidic compartments (illustrated in [Figure 4E](#fig4){ref-type="fig"}).

The slowly dissociating component in the preceding assays could in part arise from rebinding of ^125^I-epibatidine to receptors within intracellular compartments, because epibatidine is a high-affinity agonist and the measured dissociation rate was slow enough to allow repeated cycles of binding and unbinding. We found that 0.10--0.20 pmol of ^125^I-epibatidine dissociated during the faster dissociation component in the assay shown in [Figure 4A](#fig4){ref-type="fig"}, which corresponds to a concentration of 0.2--0.4 nM free ^125^I-epibatidine in our 0.5 ml assay volume of the eppendorf tube used in these assays. We predicted that rebinding of radioligand to the receptor should occur at this concentration; to test this hypothesis, we included a membrane-permeable competitive ligand, nicotine (100 μM), at the start of the dissociation measurements. Dissociation of ^125^I-epibatidine in the presence of nicotine occurred with a much faster overall time course, such that the radioligand was released in less than a minute rather than being trapped for hours. The rapid release of radioligand was followed by a slower time course of dissociation (τ = 24 min at 37°C), which is typical of rates (7.0 × 10^−4^ sec^−1^) previously measured for the dissociation of ^3^H-epibatidine from α4β2Rs and dissociation constants for affinity (K~D~ = 18 pM) ([@bib59]; [@bib21]; [@bib48]). Thus, rebinding of epibatidine to nAChRs in intracellular compartments contributes to the slowly dissociating pool of radioligand.

We used a high nicotine concentration, 100 μM, to prevent rebinding of ^125^I-epibatidine in the experiments shown in [Figure 4B](#fig4){ref-type="fig"}, but the Ki value for nicotine for α4β2R binding sites is much lower (8 nM; [Table 1](#tbl1){ref-type="table"}); in principle, even 100 nM nicotine added during the dissociation measurement should block essentially all rebinding of ^125^I-epibatidine. We tested this prediction in additional dissociation assays and instead found that the addition of 100 nM nicotine only reduced the slow component of dissociation by \~20% ([Figure 4C](#fig4){ref-type="fig"}). This result suggests that rebinding alone does not adequately account for the extraordinarily slow dissociation of ^125^I-epibatidine from living cells expressing α4β2Rs. Rather, two processes are key to the trapping phenomenon: (i) ^125^I-epibatidine rebinding to α4β2Rs and (ii) protonation of ^125^I-epibatidine in those same compartments. Higher concentrations of nicotine (100 μM -- 10 mM) added into the dissociation assay act on both components of the trapping phenomenon; that is, increasing nicotine concentrations not only prevented ^125^I-epibatidine rebinding but also reduced the pH gradient to neutralize acidic compartments, leading to deprotonation (and release) of ^125^I-epibatidine. This was evident in the fact that the proportion of ^125^I-epibatidine dissociation contributed by the slower component decreased with increasing nicotine concentrations and saturated at a value of \~60% of the total 'bound' ^125^I-epibatidine for both the untreated and nicotine-treated cells ([Figure 4C](#fig4){ref-type="fig"}), which is the entirety of the slowly dissociating component. Chloroquine (150 μM), a weak base with a molecular weight and pKa similar to that of nicotine, also reduces the pH gradient of acidic compartment at similar concentrations and has a similar effect on ^125^I-epibatidine binding ([Figure 1E](#fig1){ref-type="fig"}). Thus, the addition of nicotine during the dissociation assay serves two functions that together cause rapid release of all ^125^I-epibatidine. One function is to bind to α4β2R high-affinity binding sites and block rebinding of ^125^I-epibatidine, and the other is to reduce the pH gradient across intracellular compartments in which ligand become trapped.

The preceding experiments strongly suggest that high-affinity α4β2R binding sites are required for trapping of weak base ligands. We tested this idea by assaying ^125^I-epibatidine in HEK cells lacking α4β2Rs. ^125^I-epibatidine binding to these HEK cells was \~1% of that observed with nicotine upregulation and was equivalent to 'non-specific' binding obtained with 1 mM competing nicotine present during ^125^I-epibatidine binding and washing ([Figure 4D](#fig4){ref-type="fig"}). This finding demonstrates that no selective trapping of ^125^I-epibatidine occurs without α4β2R expression. Without high-affinity binding α4β2Rs, ^125^I-epibatidine concentrates within acidic vesicles but it rapidly exits the vesicles when its extracellular concentration falls. High-affinity α4β2Rs in intracellular compartments trap ^125^I-epibatidine even when its extracellular concentration falls, whereas nicotine rapidly exits the acidic compartments. In this way, the targeting of α4β2Rs to acidic vesicles selectively traps certain weak bases like epibatidine.

Altogether, our data are consistent with the model shown in [Figure 4E](#fig4){ref-type="fig"}, which depicts how ^125^I-epibatidine is selectively trapped within an intracellular acidic compartment. This model differs from that in [Figure 1C](#fig1){ref-type="fig"} by the addition of high-affinity α4β2Rs in acidic vesicles. In [Figure 4E](#fig4){ref-type="fig"}, α4β2Rs in the vesicles are depicted in two states, either α4β2Rs with high-affinity binding sites that would contribute to trapping or α4β2Rs without high-affinity binding sites. The two states are consistent with the findings of Vallejo *et al*. [@bib57]) for α4β2Rs at the plasma membrane. When ^125^I-epibatidine enters the vesicle lumen, it is protonated and in this state binds to high-affinity sites on α4β2Rs. The high-affinity binding sites appear to play a significant role in selective trapping of ^125^I-epibatidine within the vesicle lumen for long periods of time. One pool of radioligand, \~40% of the ^125^I-epibatidine, is bound to the surface and intracellular α4β2Rs and dissociates with the characteristic unbinding rate analogous to that measured in membrane preparations. The other pool of epibatidine, \~60%, is not bound to α4β2Rs, but instead is trapped and exits from the cells at a rate much slower than the unbinding rate. As depicted in the model, ^125^I-epibatidine exits from acidic vesicles at the slow dissociation rate (b) measured in the experiments shown in [Figure 4A](#fig4){ref-type="fig"}. As discussed above, the rate that ^125^I-epibatidine crosses cellular membranes (a), which is close to diffusion-limited ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}), is orders of magnitude faster than the dissociation rate (b).

How do the two different pools measured in ^125^I-epibatidine dissociation assays change with long-term nicotine exposure? Surprisingly, nicotine upregulation did not change the relative contribution of either the fast or slow component of radioligand dissociation. The fraction of ^125^I-epibatidine specifically bound to α4β2Rs remained at \~40% and the fraction of trapped in intracellular compartments and slowly released remained at \~60%. As displayed in [Figure 4F](#fig4){ref-type="fig"}, nicotine caused the fraction of trapped ^125^I-epibatidine to increase by 4--5-fold, the same fold increase observed for total (bound and trapped) ^125^I-epibatidine retained in the cells with nicotine exposure ([Figure 4D](#fig4){ref-type="fig"}). The fraction of ^125^I-epibatidine specifically bound to the α4β2Rs also increased 4--5-fold with nicotine exposure (data not shown). This finding is consistent with the results in [Figure 4D](#fig4){ref-type="fig"} that α4β2Rs must be present for selective ^125^I-epibatidine trapping to occur and further supports the idea that the α4β2Rs are located within intracellular acidic compartments.

Nicotine exposure redistributes α4β2Rs to acidic vesicles {#s2-5}
---------------------------------------------------------

To address why the trapped ^125^I-epibatidine fraction increased by 4--5-fold with nicotine exposure ([Figure 4F](#fig4){ref-type="fig"}) and to confirm that α4β2Rs are located within intracellular acidic compartments, we made use of a version of an α4 subunit with the pH-sensitive fluorescent tag, super ecliptic pHluorin (SEP) fused to its C-terminus (α4^SEP^; \[[@bib43]; [@bib20]\]). SEP is a pH-sensitive variant of GFP that fluoresces at neutral pH but is quenched at pH values lower than 6. When expressed in α4β2R-expressing HEK cells and in cortical neurons, florescent α4^SEP^ was found throughout the ER, as indicated by co-localization with the ER marker, DsRed-ER ([Figure 5---figure supplement 1A,B,C](#fig5s1){ref-type="fig"}), and on the cell surface ([Figure 5---figure supplement 1B,D](#fig5s1){ref-type="fig"}) as previously observed ([@bib43]). To specifically test whether α4^SEP^ subunits were found in intracellular acidic compartments, cells and neurons expressing α4^SEP^ were treated with 20 mM NH~4~Cl (5 min) to neutralize the pH. The distribution of α4^SEP^ subunit fluorescence was compared before and after NH~4~Cl treatment.

As displayed in [Figure 5A](#fig5){ref-type="fig"} for the HEK cells and [Figure 5B](#fig5){ref-type="fig"} for the cortical neurons, NH~4~Cl treatment revealed an additional pool of the α4^SEP^ subunits in what appeared to be small vesicles. It is likely that the α4^SEP^ subunits in the acidic vesicles are mature, fully assembled α4β2Rs because receptor assembly occurs in the ER ([@bib46]) and entry into any acidic compartment occurs after exit from the ER. The number of α4β2R-containing acidic vesicles in the HEK cells and cortical neurons was greatly increased by the 17 hr nicotine exposure ([Figure 5A,B,C](#fig5){ref-type="fig"}) and paralleled the effect of nicotine on the number of high-affinity binding sites and the amount of ^125^I-epibatidine trapping ([Figure 4F](#fig4){ref-type="fig"}). In the neurons, α4β2R-containing acidic vesicles were found in the processes, in what appeared to be both dendrites and axons, as well as in the somata ([Figure 5B](#fig5){ref-type="fig"}). These results demonstrate that nicotine upregulation occurs in part through an augmentation of the number of receptor-containing acidic vesicles.10.7554/eLife.25651.013Figure 5.Nicotine exposure increased the number of α4β2R-containing acidic vesicles.(**A**) Imaging α4β2R-containing acidic vesicles and the effect of nicotine exposure. α4^SEP^ was transfected into the α4β2R-expressing HEK cells. Image (100 x) of 3 merged slices near the cell surface from untreated (top) and nicotine-treated (bottom) cells. Cell was imaged without NH~4~Cl (left panel) and after adding NH~4~Cl (5 min; middle panel). In the right panel (difference) the total fluorescent intensity in -NH~4~Cl image was subtracted from +NH~4~Cl image. Scale bar is 10 μm. (**B**) Imaging α4β2R-containing acidic vesicles in cultured neurons and the effect of nicotine exposure. α4^SEP^ and β2~HA~ subunits was transfected into cortical neurons (DIV 9). Image as in A of untreated (top) and nicotine-treated (bottom) neurons. Both soma and dendrites from the same cells are shown. Right panel and inset shows the difference obtained by subtracting -NH~4~Cl image from +NH~4~Cl image. (Scale bar:10 μm). (**C**) Quantification of the numbers of acidic vesicles from the difference images. The fluorescent vesicles were counted and plotted for HEK cells (22 cells, for both untreated and nic treated, n = 4) and cortical neurons (10 cells for untreated and 8 cells for nic treated, n = 3). Error bar represents mean ± s.e.m. \*\*p\<0.001 by student t test. n indicates number of independent experiments performed on separate days and cultures. (**D**) Model illustrating how trapping in acidic vesicles of weak base ligands like varenicline, lobeline and epibatidine is selective and regulated by nicotine. Ligand trapping is a function of weak base pKa and its affinity of the ligands for α4β2Rs in the case of α4β2R weak base ligands. As illustrated in the figure weak base ligands (Lig) for other receptors or transporters could also be trapped selectively.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.013](10.7554/eLife.25651.013)10.7554/eLife.25651.014Figure 5---figure supplement 1.Subcellular distribution of pHluorin tagged α4 subunit (α4^SEP^) in α4β2R-expressing HEK cells and cortical neurons.(**A**) HEK cells are displayed 36 hr post transfection. Transfected α4^SEP^ subunits (green) and DsRed ER (red) are imaged in untreated (top panel) or nicotine treated (10 μM for 17 hr; bottom panel) cells. Stably transfected β2 subunits have an HA epitope (blue) at its C-terminal extracellular tail. Cell-surface receptors were labeled on live cells with anti-HA antibody and Alexa Fluor 647 conjugated anti-mouse secondary antibody. (**B**) Higher magnified images of the α4^SEP^ subcellular distribution with the ER marker and surface labeling. (**C**) Cortical neurons (DIV9) are displayed 36 hr post transfection. Transfected α4^SEP^ subunits (green), DsRed ER (red) and cell-surface β2~HA~ (blue) are imaged in untreated (top panel) or nicotine treated (1 μM for 17 hr; bottom panel) cells. 36 hr post transfection α4^SEP^ (green) showed co-localization with DsRed ER (red) with little to no surface expression. Scale bar is 10 μm. (**D**) Higher magnified images of the α4^SEP^ subcellular distribution with the ER marker and surface labeling. Cell surface expression of α4^SEP^ in cortical neuron dendrite three days post transfection. The surface expressed α4^SEP^ co-localized with surface labeled β2~HA~ in the dendrites. The α4^SEP^ in the shaft showed typical ER distribution and co-localized with DsRed ER.**DOI:** [http://dx.doi.org/10.7554/eLife.25651.014](10.7554/eLife.25651.014)

Discussion {#s3}
==========

In this study, we find that the smoking cessation agent varenicline (Chantix) has significant effects on α4β2Rs independent of its pharmacological action as a partial agonist. Varenicline exposure reduced nicotine upregulation of α4β2Rs, which in vivo causes long-lasting changes in α4β2Rs linked to different components of nicotine addiction ([@bib22]; [@bib58]; [@bib27]). The effects of varenicline on upregulation required intact intracellular acidic vesicles containing α4β2Rs and were not observed if HEK cell or neuronal membranes were compromised. The integrity of acidic compartments was lost in earlier studies that assayed binding using membrane fragments of brain tissue or autoradiography ([@bib29]; [@bib47]; [@bib30]) accounting for the different actions of varenicline we observed in living cells. Based on our findings, it is evident that varenicline is selectively trapped as a weak base within intracellular acidic vesicles, and once trapped, it is slowly released from the vesicles and cells. The trapped varenicline competes with ^125^I-epibatidine binding to α4β2Rs within the acidic vesicles while the slow release competes with ^125^I-epibatidine binding elsewhere in the cells and desensitizes cell-surface α4β2Rs. These effects cause the apparent suppression of binding site and functional upregulation ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}).

We observed effects of varenicline on nicotine upregulation at concentrations as low as 100 nM ([Figure 1G](#fig1){ref-type="fig"}), a concentration that is estimated to occur in human brain with prescribed varencline doses ([@bib45]). Based on our experimental evidence at higher varencline concentrations, we would expect that the effects of varenicline at 100 nM are caused by the trapping of varenicline in acidic vesicles at this lower concentration. It should also be noted that in order to estimate human brain varenicline concentrations, Rollema *et al*. ([@bib45]) used rat brain lysates to measure the high-affinity binding. As is evident from our study, this approach will not include varenicline trapping in acidic vesicles, which should serve as an additional high-capacity reservoir for varenicline in brain neurons, and is lost in the brain lysate preparation. Therefore, this study likely significantly underestimated the levels of varenicline in brain and the effects of trapping in acidic vesicles should be considered in future such estimates.

Lobeline and epibatidine also appeared to be trapped in intracellular compartments and showed effects similar to that of varenicline ([Figure 1---figure supplement 1C,D](#fig1s1){ref-type="fig"} and [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}), whereas nicotine and other weak base ligands with lower pK~a~s were not significantly trapped and were rapidly washed from cells and cultured neurons. The dose-dependence of all three weak base ligands that were trapped within intracellular acidic vesicles had an inverted U-shape where the peak of the curve occurs at \~1 μM concentration. The decline in the dose-dependence curve at concentrations greater than 1 μM is consistent with the weak base effect of the ligands at these concentrations increasing the pH within the vesicle lumen and thereby increasing the rate of release of the trapped ligand.

Our observation that varenicline, but not nicotine, is trapped in α4β2R-containing acidic vesicles can potentially explain differences in the human pharmacokinetic profiles of these drugs. The decay time (t~1/2~) for the varenicline plasma concentration is 1 day and the time to reach steady-state levels with repeated dosing is 4 days ([@bib19]). In contrast, the decay time for the nicotine plasma concentration to decay is 2 hr and the time to reach steady-state levels with repeated dosing is 2--3 hr ([@bib5]). These differences are consistent with the slow exit rate we measured for varenicline from acidic vesicles and the rapid exit of nicotine. The residence of a large amount of varenicline in α4β2R-containing acidic vesicles in neurons is likely also to contribute to the differences in the rate at which varenicline and nicotine are metabolized; nicotine is metabolized with the decay time of 2 hr, whereas less than 10% of varenicline is metabolized over this time. The volume of distribution of varenicline and nicotine differs as well. For varenicline, the volume of distribution (5.9 L/Kg; \[[@bib19]\]) is more than twice that for nicotine (2.6 L/Kg; \[[@bib5]\]). This difference again is consistent with and perhaps caused by trapping of varenicline within acidic compartments in cells and neurons and the absence of trapping for nicotine. How varenicline trapping in intracellular acidic vesicles could be altering its clinical efficacy is shown in our working model of this process ([Figures 4E](#fig4){ref-type="fig"} and [5D](#fig5){ref-type="fig"}). Based on our findings, the presence of high-affinity α4β2Rs in the vesicles and the weak base nature of varenicline will influence its partitioning between extracellular, cytoplasmic, and vesicular pools. Varenicline trapping in acidic vesicles would create a high-capacity reservoir in neurons that express α4β2Rs. We predict that this phenomenon maintains relatively high and constant concentrations of varenicline, especially in contrast to nicotine levels that rise during the day and decline rapidly at night. Clinical efficacy could therefore result from sustained varenicline levels within neurons that leak out and desensitize α4β2Rs, and perhaps other nAChRs, and that activity counteracts the functional upregulation of nicotine exposure.

As modeled in [Figures 4E](#fig4){ref-type="fig"} and [5D](#fig5){ref-type="fig"}, the presence of α4β2R is what provides the selectivity for long-lasting trapping of certain nicotinic weak base ligands in acidic vesicles. Selective trapping also requires a low enough pH in the vesicles, to protonate weak base ligands and slows its exit. Trapping only occurs when there are α4β2Rs in the vesicles and ligand pKa and affinity for α4β2Rs are sufficiently high. Nicotine and DHβE fail to show the trapping phenomenon for two reasons: nicotine and DHβE are not sufficiently protonated at low pH and DHβE also does not bind with high enough affinity to α4β2R. Epibatidine, on the other hand, has a high pK~a~ and affinity, and therefore accumulates and leaks back out over the course of days, as was observed in our dissociation experiments ([Figure 4A](#fig4){ref-type="fig"}).

As measured by ^125^I-epibatidine ([Figure 4F](#fig4){ref-type="fig"}), ligand trapping was increased by nicotine exposure to the same degree as the binding to the receptors ([Figure 4D](#fig4){ref-type="fig"}). Higher trapping levels were caused by a rise in the numbers of vesicles containing α4β2Rs as imaged using pH-sensitive, pHluorin-tagged α4 subunits in the α4β2R-expressing HEK cells and cultured neurons ([Figure 5](#fig5){ref-type="fig"}). As modeled in [Figure 5D](#fig5){ref-type="fig"}, the higher numbers of acidic vesicles and the resulting rise in trapping capacity acts as a mechanism to regulate selective trapping of varenicline and other weak base α4β2R ligands. However, it is not clear if the increases are caused by the formation of new vesicles or redistribution of α4β2Rs to preexisting vesicles. Intracellular acidic vesicles exist during the late stages of Golgi trafficking and different pools of endosomal membranes, recycling or late endosomes, or lysosomes ([@bib38]). In this study, we did not distinguish among these possibilities, but our previous findings and those of others ([@bib57]; [@bib15]) indicate that surface α4β2R degradation through late endosomes and lysosomes is not increased by nicotine upregulation; therefore, the acidic vesicles are unlikely to be either of these organelles. Still to be determined are which intracellular compartment the vesicles originate from and the role of the vesicles in nicotine upregulation of α4β2Rs.

If the smoking cessation activity of varenicline is indeed caused by its trapping in intracellular acidic vesicles, then our findings should help guide the design of more effective smoking cessation drugs. While we have established that both the pKa of a ligand and its α4β2R affinity are important for trapping, further experiments are needed to assay what specific pKa and α4β2R affinity of a weak base ligand is most effective for smoking cessation. The selective and regulated trapping we observe for varenicline also may occur for weak base ligands that bind with high-affinity to other types of receptors, ion channels or transporters. Most drugs of abuse are weak base ligands that bind with varying affinities to a variety of different membrane proteins ([@bib52]). In particular, amphetamines are weak bases with pKa values in the range of 8 to 10 that can concentrate in acidic vesicles and affect the catecholamine quantum size in synaptic vesicles and chromaffin granules ([@bib51]). Certain antipsychotic drugs are weak bases that accumulate in and are released from synaptic vesicles ([@bib53]). As shown schematically in [Figure 5D](#fig5){ref-type="fig"}, the targeting of other membrane protein high-affinity binding sites to acidic vesicles would allow different classes of weak base ligands to be selectively trapped in those vesicles (Lig in [Figure 5D](#fig5){ref-type="fig"}). Weak bases that bind with high-affinity to the binding sites where other drugs of abuse bind could serve as cessation agents similar to varenicline.

Materials and methods  {#s4}
======================

cDNA constructs: cell culture and transfection {#s4-1}
----------------------------------------------

Previously characterized mouse nAChR α4^SEP^ with a super ecliptic pHluorin incorporated on the C-terminus of α4 was a gift from Dr. Christopher I. Richards (University of Kentucky, Lexington, Kentucky) ([@bib43]). pDsRed-ER was from Clontech Laboratories. Human α4 and β2 cDNA were gifts from Prof. Steven M. Sine (Mayo Clinic, Rochester, Minnessota). Rat α4 and β2 used for generating the stable cell line were provided by Dr. Jim Boulter, University of California, Los Angeles, CA. The HA epitope, YPYDVPDYA, and a stop codon were inserted after the last codon of the 3′-translated region of the subunit DNA of the β2 using the extension overlap method as described in Vallejo *et al* ([@bib57]).

Cell culture and transfection {#s4-2}
-----------------------------

The human embryonic kidney (HEK 293T) cell line stably expressing the large T antigen (tSA201 cells) was from Dr. J. Kyle (University of Chicago, Chicago, IL). This cell line is not in the list of Database of Cross-Contaminated or Misidentified Cell Lines. Using this parent HEK 293 T cells, a stable cell line expressing rat α4β2 nAChRs were generated in our lab and it expresses an untagged α4 and a C-terminal HA epitope tagged β2 subunits ([@bib57]). Both parent HEK cell line and stable α4β2 HEK cell line were maintained in DMEM (Gibco, Life technologies) with 10% calf serum (Hyclone, GE Healthcare Life Sciences, UT) at 37°C in the presence of 5% CO2. DMEM was supplemented with Hygromycin (Calbiochem, EMD Millipore, MA) at 0.4 mg/ml for maintaining selection of α4β2 HEK cells. Transfection of human α4 and β2 subunits into HEK parent cell line or α4^SEP^ into α4β2 HEK cell line were performed using calcium phosphate method ([@bib18]). Stable cells were maintained in hygromycin free DMEM prior to transfection. Hoechst staining and immunofluorescent detection were performed periodically to test for mycoplasma contamination. Fresh batch of cells were thawed and were maintained only upto two months.

Primary cultures of rat cortical neurons were prepared as described earlier ([@bib23]). Dissociated cortical cells from E18 Sprague Dawley rat pups were plated on plates that were coated with poly-D-lysine (Sigma, MO). For live imaging, neurons were plated in glass bottom dishes (MatTek, MA). DIV eight neurons were transfected with α4^SEP^, β2~HA~ and DsRed ER cDNAs using lipofectamine 2000 (Invitrogen, Thermofisher scientific, MA) reagent. 2--3 days after transfection, neurons were treated with 1 μM nicotine for 17 hr and were live imaged in low fluorescence Hibernate E buffer (Brain bits, IL).

Drugs and reagents {#s4-3}
------------------

Poly-D-Lysine (P7886), Nicotine (N3876), Varenicline (PZ0004), Lobeline (141879), Epibatidine (E1145), Mecamylamine (M9020), Ammonium Chloride (A0171), Chloroquine (C6628) and Bafilomycin A1 (B1793) were purchased from Sigma, MO. Dihydro beta-erythroidine (DHβE) (2349) was purchased from Tocris, MN. Neurobasal medium, B27, HBSS and DMEM were purchased from Life technologies (Thermofisher scientific, MA).

^125^I Epibatidine binding {#s4-4}
--------------------------

α4β2 stable cell line was treated with indicated concentrations of nAChR ligands for 17 hr in the presence or absence of 10 μM nicotine. For intact counts, cells were washed four times with PBS, scraped off the plates, pelleted at 2800 rpm for 3 min, resuspended in 1 ml PBS and aliquots were incubated with 2.5 nM ^125^I-epibatidine (^125^I Epb) (2200 Ci/mmol; Perkin Elmer) for 20 min at room temperature. At the end of incubation cells are harvested on Whatman GF/B filters presoaked in 0.5% polyethyleneimine and washed four times with PBS using 24-channel cell harvester (Brandel, MD). Non-specific binding was estimated by incubating parallel samples in 1 mM nicotine prior to and during incubation with ^125^I Epb. Radioactivity of bound ^125^I Epb was determined using gamma counter (Wallac, Perkin Elmer, MA). pmole ^125^I Epb bound to cells are normalized to nicotine upregulated cells and plotted as % of nicotine treated cells.

Primary cultures of cortical neurons were treated with indicated concentrations of varenicline or lobeline with or without 1 μM nicotine. Intact neurons were washed three times with PBS, gently scraped off the plates in PBS, pelleted down at 2800 rpm for 3 min and resuspended in PBS prior to binding with 1 nM ^125^I Epb. After 20 min of incubation with radioactivity at room temperature, cells are transferred to filters using Brandel cell harvester, filters were washed four times with PBS and radio activity associated with the filters measured as described above. Non-specific binding was calculated from cells incubated with 1 mM nicotine during ^125^I Epb binding.

Disruption of intracellular pH gradient {#s4-5}
---------------------------------------

Intact cells were treated with nAChR ligands for 17 hr and washed twice with PBS. Cells were exposed to two 5 min incubations with PBS containing 20 mM ammonium chloride, 150 μM chloroquine or 50 nM bafilomycin A followed by two PBS washes. Cells were gently scraped off the plates, re-suspended in PBS and subjected to ^125^I-epibatidine binding as described above. Depending on the number of samples per experiment, the time elapsed between when the drug-containing medium was removed from the cells and the epibatidine-binding initiated ranged from 25 to 45 min.

Membrane preparation {#s4-6}
--------------------

α4β2 HEK cells were treated with indicated concentrations of the drugs with or without 10 μM nicotine for 17 hr. Cells were suspended in hypotonic buffer (10 mM Hepes, pH 7.9, 1 mM MgCl~2~, 1 mM EDTA) plus protease inhibitors and incubated in ice for 10 min. Cells were homogenized using a dounce homogenizer (10 times). Nuclei were removed by centrifugation at 1000 x g for 10 min. The supernatant was subjected to ultra centrifugation at 100,000 x g for 1 hr at 4°C using Beckman TLA 100.3 rotor. Supernatant was removed and the membrane pellet was resuspended in PBS via sonication. Aliquots of resuspended membrane were bound with 2.5 nM ^125^I Epb for 20 min at room temperature and transferred to filter paper and washed using brandel cell harvester.

Immunofluorescence staining {#s4-7}
---------------------------

α4β2 HEK cells and cortical neurons were plated in glass bottom live imaging plates (MatTek, MA) coated with poly-D-lysine one day before plating. α4β2 stable cells were transfected with α4^SEP^ with or without pDsRed-ER using calcium phosphate method. After 24 hr of transfection cells were treated 10 μM nicotine for 17 hr. For imaging, cells were incubated with anti-HA (Mouse monoclonal HA.11, Biolegend, CA) antibody for 40 min in DMEM. Cells were washed three times with DMEM and labeled with Alexa Fluor anti-mouse 647 (Molecular Probes, Thermo scientific, MA) secondary antibody for 30 min. Cells were washed three times with Low Fluorescence Hibernate E and imaged in the same buffer.

Cortical neurons (DIV 8) were transfected with α4^SEP^, β2~HA~ and DsRed-ER using lipofectamine 2000 (Invitrogen, Thermo scientific, MA) as per manufacturers protocol. Neurons were treated with 1 μM nicotine either 2--3 days after transfection and imaged after 17 hr of nicotine exposure. Neurons were live labeled with anti HA antibody for 40 min, washed three times followed by secondary antibody Alexa Fluor anti-mouse 647 incubation for 30 min. Antibody incubations and washes were done in conditioned neurobasal medium. Neurons were subsequently washed three times with Hibernate E buffer and imaged in the same buffer.

Measuring α4^SEP^ in acidic vesicles {#s4-8}
------------------------------------

SEP is pH sensitive and does not fluoresce at pH below 6. Under physiological pH, the fluorescence emitted from α4^SEP^ is mainly from surface receptors (extracellular SEP) and from receptors in the ER (luminal SEP). The fluorescence of SEP is quenched in intracellular vesicles as their pH is below 6. In order to visualize α4^SEP^ in acidic vesicles, intracellular pH was increased using ammonium chloride (NH~4~Cl). Cells were initially imaged in Hibernate E buffer (pH 7.4). NH~4~Cl was added drop wise to a final concentration of 20 mM with minimum disturbance to the cells. 5--10 min after addition of NH~4~Cl, confocal images were collected from the same cells again. Three to four consecutive slices of the cells were combined for HEK cells and 7--8 consecutive slices were combined for cortical neurons both for pre and post NH~4~Cl images. The integrated density of pre-NH~4~Cl image of the cell was subtracted from that of the post-NH~4~Cl image. The resultant signal was thresholded so that only puncta that were several folds higher than background were selected. Punctas were evaluated using the Analyze Particles function in ImageJ.

Electrophysiology {#s4-9}
-----------------

HEK cells stably expressing α4β2 receptors maintained as described above were plated at low density on glass coverslips before treating for 15--18 hr with media containing nicotine or other drugs as per the protocol for binding experiments. Following the incubation, cells were live-labeled with a 1:200 dilution of mouse anti-HA antibody (EMD Millipore \#05--904) for 1 hr at 37°C in media containing the same nicotinic agents. Cells were washed three times with media lacking primary antibody before addition of a 1:500 dilution of the secondary antibody (Thermo-Fisher goat anti-mouse Alexa Fluor 488, catalog \# A11029) for 1 hr at room temperature in media containing the same nicotinic agents. Cells were washed three times with media before use in physiology experiments. For NH~4~Cl treatment experiments, following the HA labeling the cells were washed twice with PBS and exposed to two 10 min incubations with 20 mM NH~4~Cl and several final washes with PBS before use in recordings. Cells were only used for recording a maximum of one hour after completion of the HA labeling or NH~4~Cl treatment.

Cells were voltage clamped in whole-cell configuration at a holding potential of −70 mV using an Axopatch 200B amplifier running pClamp 10 (Molecular Devices; Sunnyvale, CA). Currents were elicited from cells lifted from the coverslip by the fast application of 1 mM ACh using a piezo-ceramic bimorph system with a solution exchange time of \~1 ms. External solution consisted of (in mM): 150 NaCl, 2.8 KCl, 1.8 CaCl~2~, 1.0 MgCl~2~, 10 glucose, and 10 HEPES, adjusted to pH 7.3. Internal pipette solution was (in mM): 110 CsF, 30 CsCl, 4 NaCl, 0.5 CaCl~2~, 10 Hepes, and 5 EGTA, adjusted to pH 7.3. Peak amplitudes and time courses of desensitization were determined by *post-hoc* analysis using Clampfit 10. Statistical differences were tested for using one-way ANOVAs with Tukey's Multiple Comparison Test in GraphPad (La Jolla, CA).

Statistical analyses {#s4-10}
--------------------

All statistical analyses were performed using StatPlus software (AnalystSoft Inc, Walnut, CA), unless otherwise noted. Statistical tests used are indicated in each figure legend.

Funding Information
===================

This paper was supported by the following grants:

-   http://dx.doi.org/10.13039/100000002National Institutes of Health RO1DA 035430 to Anitha P Govind, Yolanda F Vallejo, Jacob R Stolz, Jing-Zhi Yan, Geoffrey T Swanson, William N Green.

-   http://dx.doi.org/10.13039/100007234University of Chicago Cance center-Pilot grant to Anitha P Govind, William N Green.

This work was supported by RO1 DA035430 and a Pilot Project from the University of Chicago Cancer Center. The authors would like to thank Drs. Okunola Jeyifous and Jary Delgado for assistance with rat brain dissections for cortical neuronal preparations, Drs. Steve Sine (human α4 and β2) and Chris Richards (α4 ^SEP^) for their gifts of nAChR constructs. The authors declare that they have no competing interests.

Additional information {#s5}
======================

The authors declare that no competing interests exist.

APG, Conceptualization, Data curation, Formal analysis, Validation, Investigation, Visualization, Methodology, Writing---original draft, Writing---review and editing.

YFV, Data curation, Formal analysis, Validation, Investigation.

JRS, Data curation, Formal analysis, Validation.

J-ZY, Data curation, Formal analysis, Validation.

GTS, Conceptualization, Resources, Data curation, Software, Formal analysis, Supervision, Funding acquisition, Validation, Investigation, Visualization, Methodology, Writing---original draft, Writing---review and editing.

WNG, Conceptualization, Resources, Data curation, Software, Formal analysis, Supervision, Funding acquisition, Validation, Investigation, Visualization, Methodology, Writing---original draft, Project administration, Writing---review and editing.

10.7554/eLife.25651.015

Decision letter

Aldrich

Richard

Reviewing editor

The University of Texas at Austin

,

United States

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Smoking cessation through selective and regulated trapping of nicotinic receptor weak base ligands\" for consideration by *eLife*. Your article has been reviewed by two peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Richard Aldrich as the Senior Editor. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

This study addresses the question of why the smoking cessation drug varenicline works, despite the fact that its nature as a strong partial agonist does not account for its long-term actions, and it leads to upregulation of nAChRs much as nicotine does. The work provides evidence that the nature of the compound as a weak base leads it to be internalized and sequestered in acidic vesicles containing α4β4 nAChRs, in a manner that prevents the increase in surface expression of new nicotinic receptors, counteracting the reward-related response associated with addiction.

Essential revisions:

The reviewers found much of interest in the manuscript and their comments included, \"This manuscript provides valuable insight into the molecular mechanisms of action of varenicline and points to specific chemical characteristics that could be exploited for the development of new smoking cessation aids. The work is elegant, exhaustive, and significant for the field of nicotine addiction.\"

They had questions about a number of points however, which require addressing. Most of these have to do with tightening the links between the trapping phenomenon observed and the clinical effect, to strengthen the idea that one is the mechanism underlying the other. The essential revisions are summarized here and expanded below in the reviewers\' own words to provide you with their full perspective:

1\) Given the manuscript\'s emphasis on linking the study to clinical use of the drug, more clarification of the relation between drug concentrations tested and clinically relevant concentrations is necessary (reviewers\' points 1-4 below).

2\) Clarification of the model and the required role of trapping (reviewers\' points 5-6 below).

3\) Some discussion of the possible mechanism of how receptors are moved to internal compartments would be informative (reviewers\' point 7 below).

4\) Please edit the title (reviewers\' point 8 below).

Reviewers' points:

1\) This manuscript presents results that confirm that intracellular retention of nicotinic ligands can result in a significant residual pool. The residual pool can then bind to nicotinic receptors, at least in intracellular locations. This was first noted (I think) by Whiteaker et al. (op cit, their Methods section) for total binding to cultured cells, and subsequently by Jia et al. (op cit) for surface receptors of *Xenopus oocytes*. The trapping of drugs has been a question of general interest for years and so the application to nicotine dependence is a valuable contribution. However, the authors seek to connect the intracellular retention to clinical effects of smoking cessation drugs (c.f. title of MS). To do so, the authors should relate the experimental observations to the clinically relevant concentrations of drug. For varenicline, the brain concentration is likely to be in the range of 30 to 150 nM (Rollema et al., PMID: 20331614). Based on the data in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}, this concentration of varenicline is unlikely to affect upregulation and likely does not result in a significant level of trapped drug. This possibility must be explored. The authors must address the clinically effective concentration in comparison to concentrations of varenicline that show trapping (i.e. NH4Cl effect in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).

2\) Similarly the question of species differences could be addressed by briefly discussing Papke et al. (PMID: 20100906) (or repeating the experiments to confirm/deny the difference). The Papke paper noted that varenicline showed a high level of persistent block of rodent (mouse) α4β2 receptors expressed in *Xenopus oocytes*, whereas human receptors showed a significantly lower level. The basis for the difference was not explored, but does this species difference indicate a concern for extension of the present results to behavior in humans?

3\) However, I do find it interesting that differences in trapping may result in significant changes in availability of drug as a function of time. Accordingly, it would seem to be imperative that the authors relate their measured time-courses to possible time-courses of brain concentrations for, e.g., nicotine versus varenicline.

4\) If trapping is the basis for the clinical efficacy of varenicline, what is the mechanism connecting that to the clinical effect? It seems there are two possibilities: receptors are critical (e.g. that the presence of receptors in acidic vesicles is the mechanism or something to do with rates of partitioning between surface and internal pools) or the time-course of the drug concentration is critical (e.g. the lower level of fluctuation of \[varenicline\] is important, or the prolonged binding of varenicline to surface receptors, or simply the slower metabolism/clearance of varenicline). Please briefly speculate on the possible mechanism and discuss the relative importance (in their minds) of trapping as compared to the partial agonist nature of the drug in terms of clinical efficacy. It would be quite valuable if the authors provided some data on the effect of varenicline (by itself or in the presence of nicotine) on the level of receptor movement to acidic vesicles (c.f. [Figure 5](#fig5){ref-type="fig"}).

5\) I do not fully understand the model proposed. From the data presented, lobeline is more slowly removed than nicotine, but perhaps comparably to varenicline. However, the differences in pK and Ki between lobeline and nicotine seem relatively small and so the difference in removal does not seem to be qualitatively expected. Indeed, varenicline would seem to be more different to lobeline than lobeline to nicotine. Am I missing something in the model? In addition to clarifying quantitative points, the authors need to clarify the difference between receptors and \"high affinity\" receptors shown in the figures and discuss the significance of the two forms.

6\) I liked the experiments shown in [Figure 4](#fig4){ref-type="fig"}, but they raised a question in my mind. Comparing [Figure 4A](#fig4){ref-type="fig"} to 4B, this would suggest that the trapped component (60% of A) is not bound to anything (60% of B). This appears to contradict the apparently essential role of intracellular receptors in promoting trapping. Am I missing something?

7\) How does nicotine move nAChRs to acidic vesicles? It would be worth it for the authors to comment about potential mechanisms (i.e. the \"chaperone\" effect of nicotine) that could be further examined in future studies.

8\) The title is a bit \"sensational\" and could be modified to better reflect the nature of the study.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Selective and regulated trapping of nicotinic receptor weak base ligands and relevance to smoking cessation\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Richard Aldrich (Senior Editor), a Reviewing Editor, and two reviewers.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

As you can see from the reviews, pasted below for your reference, there was still some concern about ([@bib36]) whether clinically relevant concentrations of varenicline are actually trapped, ([@bib1]) how the high/low affinity receptors figure in to the working model, and ([@bib26]) whether the working model will be apparent to a reader. In the reviewer consultation, it was agreed regarding point 1 that the simplest interpretation of the observation that 100 nM varenicline reduces 125Epb binding is indeed trapping, and no further experiments are needed.

However, we request that you please make the following additions to the manuscript:

1\) Add a line explaining the extrapolation of the effect of 100 nM (clinical concentration) varenicline to the mechanism of trapping.

2\) Clarify a little further the proposed role of high vs. low affinity receptors.

3\) Incorporate the working model offered in the response to reviewers into the manuscript or give some other indication to the reader of how to conceptualize these data.

*Reviewer \#1:*

I found the manuscript easier to read this time (perhaps familiarity). Many of my comments were satisfactorily addressed. There were three that I think still need some work.

The first is the question of brain concentrations. My comment actually read \"this concentration of varenicline is unlikely to affect upregulation and likely does not result in a significant level of trapped drug.\" The authors addressed the first part (upregulation) with new data. However, they did not address the second (the data in [Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"} appears identical to the original). I believe that an essential aspect of the manuscript is that trapping must occur at clinically relevant concentrations, so it is of some concern that this was not addressed. The authors should clarify the data indicating that trapping is significant at 100 nM varenicline.

I also did not completely follow the argument that the brain concentration is likely higher than reported, because trapped drug was not assayed. Of course in the present manuscript the aqueous external concentration is reported, rather than the total intracellular concentration including trapped drug, so the concentrations actually appear to be comparable?

The second is the question of the \"high affinity receptors.\" The single sentence added to the legend (referring to a paper by Vallejo et al) did not clarify the matter for me. Are the postulated low affinity receptors of any relevance to the model? Are numbers and affinity of the low affinity receptors sufficient to provide trapping? What is the affinity postulated for these receptors -- that of the 3-α class or weaker? I believe that the \"high affinity receptors\" are the class of receptor many people regard as the receptor, and occur in two varieties (2 α and 3 α), but this point should be made explicit in the manuscript to avoid confusing readers as to whether high affinity refers to the 2alpha form or not.

The third is the lack of a proposed mechanism. In their response a \"working model\" is described, but this working model does not seem to be included in the manuscript. The authors should consider succinctly stating the model.

*Reviewer \#2:*

The revision has brought clarity and additional supporting data. This is a strong manuscript that provides valuable understanding to the mechanisms of nicotine dependence and smoking cessation therapies.

10.7554/eLife.25651.016

Author response

*Essential revisions:*

*Reviewers' points:*

*1) This manuscript presents results that confirm that intracellular retention of nicotinic ligands can result in a significant residual pool. The residual pool can then bind to nicotinic receptors, at least in intracellular locations. This was first noted (I think) by Whiteaker et al. (op cit, their Methods section) for total binding to cultured cells, and subsequently by Jia et al. (op cit) for surface receptors of Xenopus oocytes. The trapping of drugs has been a question of general interest for years and so the application to nicotine dependence is a valuable contribution. However, the authors seek to connect the intracellular retention to clinical effects of smoking cessation drugs (c.f. title of MS). To do so, the authors should relate the experimental observations to the clinically relevant concentrations of drug. For varenicline, the brain concentration is likely to be in the range of 30 to 150 nM (Rollema et al., PMID: 20331614). Based on the data in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}, this concentration of varenicline is unlikely to affect upregulation and likely does not result in a significant level of trapped drug. This possibility must be explored. The authors must address the clinically effective concentration in comparison to concentrations of varenicline that show trapping (i.e. NH4Cl effect in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).*

We believe the interesting study by Rollema potentially underestimated the levels of varenicline in brain because the concentrating effect of trapping in acidic vesicles was not considered. Rollema et al. estimated that varenicline concentrations in brain are increased (\~4-fold) relative to plasma levels, resulting in their estimated range of 32 to 131 nM, which was derived from both modeling methods and data based on the premise that varenicline concentrations in brain are increased by high-affinity binding sites. Importantly, Rollema et al. considered the influence of high-affinity binding sites in brain lysate studies, which omitted any impact of varenicline trapping because acidic vesicles were lost in these preparations. In our study, we demonstrate that varenicline concentrations will be altered by both high-affinity binding sites and trapping of varenicline in acidic vesicles containing nicotinic receptors.

Regardless of any estimates of varenicline concentration in the CNS, the reviewer makes a valid point that data shown in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} raised some questions regarding whether varenicline concentrations in the range of 30 to 150 nM significantly altered nicotine upregulation. To address the reviewer's concerns with additional data, we repeated the measurements with 0, 100 nM and 30 μM varenicline. These experiments with rat α4β2Rs were performed side-by-side to compare with the human α4β2R samples to address reviewer's point 2 (see below). In new [Figure 1G, 100](#fig1){ref-type="fig"} nM significantly reduced nicotine upregulation by \~30%; consistent with earlier data, 30 μM varenicline completely reversed upregulation of ^125^I-epibatidine binding by nicotine. This result indicates that varenicline brain levels in the 30 to 150 nM range are indeed likely to affect nicotine upregulation, which was not obvious in our original dataset. In contrast, these concentrations of varenicline will have little to no effect as a partial agonist (Rollema et al., PMID: 20331614).

In summary, we suggest that (i) varenicline concentrations in the CNS are likely to be higher than the range estimated by Rollema et al. (2010) because of weak base trapping in acidic vesicles, and (ii) varenicline suppresses nicotine upregulation at the concentrations estimated by Rollema.

*2) Similarly the question of species differences could be addressed by briefly discussing Papke et al. (PMID: 20100906) (or repeating the experiments to confirm/deny the difference). The Papke paper noted that varenicline showed a high level of persistent block of rodent (mouse α4β2 receptors expressed in Xenopus oocytes, whereas human receptors showed a significantly lower level. The basis for the difference was not explored, but does this species difference indicate a concern for extension of the present results to behavior in humans?*

To address reviewers' point 2, "the question of species differences", (see Papke et al. PMID: 20100906) human α4β2Rs were transiently transfected in HEK cells to compare the effect of varenicline on nicotine-induced upregulation of human and rat α4β2Rs. We found no significant differences between rat and human α4β2Rs when nicotine upregulation was measured at 0, 100 nM and 30 mM varenicline (new [Figure 1G](#fig1){ref-type="fig"}).

*3) However, I do find it interesting that differences in trapping may result in significant changes in availability of drug as a function of time. Accordingly, it would seem to be imperative that the authors relate their measured time-courses to possible time-courses of brain concentrations for, e.g., nicotine versus varenicline.*

*4) If trapping is the basis for the clinical efficacy of varenicline, what is the mechanism connecting that to the clinical effect? It seems there are two possibilities: receptors are critical (e.g. that the presence of receptors in acidic vesicles is the mechanism or something to do with rates of partitioning between surface and internal pools) or the time-course of the drug concentration is critical (e.g. the lower level of fluctuation of \[varenicline\] is important, or the prolonged binding of varenicline to surface receptors, or simply the slower metabolism/clearance of varenicline). Please briefly speculate on the possible mechanism and discuss the relative importance (in their minds) of trapping as compared to the partial agonist nature of the drug in terms of clinical efficacy. It would be quite valuable if the authors provided some data on the effect of varenicline (by itself or in the presence of nicotine) on the level of receptor movement to acidic vesicles (c.f. [Figure 5](#fig5){ref-type="fig"}).*

Points 3 and 4: The reviewers have related concerns in point 3 "it would seem to be imperative that the authors relate their measured time-courses to possible time-courses of brain concentrations for, e.g., nicotine versus varenicline" and part of point 4 "If trapping is the basis for the clinical efficacy of varenicline, what is the mechanism connecting that to the clinical effect? It seems there are two possibilities: receptors are critical (e.g. that the presence of receptors in acidic vesicles is the mechanism or something to do with rates of partitioning between surface and internal pools) or the time-course of the drug concentration is critical (e.g. the lower level of fluctuation of \[varenicline\] is important, or the prolonged binding of varenicline to surface receptors, or simply the slower metabolism/clearance of varenicline)".

As far as I know, there are no direct measurements of time-courses for nicotine versus varenicline brain concentrations in rats or humans. The estimates in Rollema et al. (2010) are based on combining diverse measurements -- in vivo rat brain concentrations, in vitro rat brain lysates and in vivo human plasma values. Furthermore, as discussed above, the use of in vitro rat brain lysates omits the contribution made by varenicline trapping in α4β2R-containing acidic vesicles, which will be critical for estimating time-dependent changes in varenicline brain concentrations. Thus, it is not possible at this time to address point 3, although we hope to gain insight in future human imaging studies that are just being initiated.

Point 4 (cont.): The question of the possible mechanism of clinical efficacy is one that we agree is very interesting, and we proposed that acidic vesicle trapping and subsequent suppression of upregulation is a reasonable alternate to a hypothesis predicated on the partial agonist activity of varenicline. Our data shows that, unlike nicotine, varenicline becomes selectively trapped in α4β2R-containing acidic vesicles because of its high pKa value and high-affinity for α4β2Rs. Our working model for how this process relates to clinical efficacy incorporates several parameters identified by the reviewer. Certainly, α4β2Rs are required, as our data in [Figure 4D](#fig4){ref-type="fig"} shows, and the weak base nature of varenicline will influence partitioning between extracellular, cytoplasmic, and vesicular pools. Varenicline trapping in acidic vesicles creates a high-capacity reservoir in neurons that express α4β2Rs. We predict that this phenomenon maintains relatively high and constant concentrations of varenicline, especially in contrast to nicotine levels that rise during the day and decline rapidly at night. Clinical efficacy could therefore result from sustained varenicline levels within neurons that leaks out and desensitizes α4β2Rs, and perhaps other nAChRs, and that activity counteracts the functional upregulation of nicotine exposure. Our data demonstrate that each of these processes can occur; what remains speculative is whether they do indeed underlie the smoking cessation efficacy of varenicline in humans. We hope that our data will stimulate studies designed to discriminate between this new hypothesis and that based on the pharmacological activity of varenicline.

Point 4 (cont.): "It would be quite valuable if the authors provided some data on the effect of varenicline (by itself or in the presence of nicotine) on the level of receptor movement to acidic vesicles (c.f. [Figure 5](#fig5){ref-type="fig"})."

We agree that this would be of value. However, these experiments are very time consuming and would have prevented resubmission within a 2-month time frame. We do not believe that they would add much more conceptually than what is already presented in [Figure 5](#fig5){ref-type="fig"} with upregulation by nicotine. Experiments are now in progress as part of a large follow-up study to understand how α4β2Rs are trafficked into acidic vesicles and how this is affected by nicotine, varenicline, lobeline and other compounds.

*5) I do not fully understand the model proposed. From the data presented, lobeline is more slowly removed than nicotine, but perhaps comparably to varenicline. However, the differences in pK and Ki between lobeline and nicotine seem relatively small and so the difference in removal does not seem to be qualitatively expected. Indeed, varenicline would seem to be more different to lobeline than lobeline to nicotine. Am I missing something in the model?*

We propose that how the diverse ligands impact nicotine upregulation is dependent upon both pKa and affinity for α4β2Rs. The pKa of lobeline is almost a full unit (or an order of magnitude on a non-log scale) greater than that for nicotine. On the other hand, the Ki value of lobeline is only twice that of nicotine. The difference between lobeline and nicotine actions therefore arises primarily because of the substantial divergence in extent of protonation in acidic vesicles. This and data with other ligands led to our conclusion that both features, pKa and Ki, are critical for determining if trapping occurs.

*In addition to clarifying quantitative points, the authors need to clarify the difference between receptors and \"high affinity\" receptors shown in the figures and discuss the significance of the two forms.*

We apologize for this omission. The two types of α4β2Rs depicted in the models portrayed in [Figures 1C](#fig1){ref-type="fig"}, [4E](#fig4){ref-type="fig"} and [5D](#fig5){ref-type="fig"}, are based on our findings described in Vallejo et al. (2005) (PMID:15944384), in which we found that biotinylated α4β2Rs on the cell surface form high-affinity binding sites with subsequent nicotine exposure (see also Henderson and Lester PMID: 25660637). This result demonstrated that prior to nicotine exposure there are two populations of α4β2Rs, one population with high-affinity sites and a second populations without high-affinity sites. After nicotine exposure the population with high-affinity sites increases. We have added an explanation about this finding to the figure legend of [Figure 1C](#fig1){ref-type="fig"} to explain the difference between the two α4β2R forms.

*6) I liked the experiments shown in [Figure 4](#fig4){ref-type="fig"}, but they raised a question in my mind. Comparing [Figure 4A](#fig4){ref-type="fig"} to 4B, this would suggest that the trapped component (60% of A) is not bound to anything (60% of B). This appears to contradict the apparently essential role of intracellular receptors in promoting trapping. Am I missing something?*

The reviewer is correct that 60% of what has been interpreted as binding with ^125^I-epibatidine binding is actually not bound to α4β2Rs but instead trapped within the acidic vesicles. However, this *does not* contradict the apparently essential role of α4β2Rs with their binding sites within the lumen of the acidic vesicles receptors in promoting trapping of epibatidine, lobeline and varenicline. As we discuss in the manuscript, selective trapping of these weak base ligands requires high-affinity binding together with a high enough pKa value that the ligands remain protonated within the lumen of the acidic vesicles. The positively charged ligands go through cycles of binding and unbinding, which promote their retention within the vesicles.

*7) How does nicotine move nAChRs to acidic vesicles? It would be worth it for the authors to comment about potential mechanisms (i.e. the \"chaperone\" effect of nicotine) that could be further examined in future studies.*

We agree with the reviewer that trying to understand how nicotine exposure increases the number of acidic vesicles is a very important issue that needs further investigation, especially with respect to characterizing the underlying mechanisms. We noted in the Discussion, however, that in our opinion the critical issues to be resolved first are whether "the increases \[in acidic vesicles\] are caused by the formation of new vesicles or redistribution of α4β2Rs to preexisting vesicles" and resolution of the nature of intracellular acidic vesicles that contain α4β2Rs. Addressing these questions will narrow down the number of potential mechanisms. For example, the chaperone effect mentioned by the reviewer is typically associated with movement of α4β2Rs from the ER to the Golgi (Henderson and Lester PMID: 25660637), the site of generation of acidic vesicles. An alternate possibility is that α4β2Rs on the cell surface are endocytosed and enter either a recycling pool of endosomes or late endosomes and lysosomes for degradation. It seems very likely that the mechanisms moving α4β2Rs to acidic vesicles are different for endocytosed α4β2Rs then for α4β2Rs moving from the ER to Golgi.

*8) The title is a bit \"sensational\" and could be modified to better reflect the nature of the study.*

The title has been changed to "Selective and regulated trapping of nicotinic receptor weak base ligands and relevance to smoking cessation".

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

*The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:*

*As you can see from the reviews, pasted below for your reference, there was still some concern about ([@bib36]) whether clinically relevant concentrations of varenicline are actually trapped, ([@bib1]) how the high/low affinity receptors figure in to the working model, and ([@bib26]) whether the working model will be apparent to a reader. In the reviewer consultation, it was agreed regarding point 1 that the simplest interpretation of the observation that 100 nM varenicline reduces 125Epb binding is indeed trapping, and no further experiments are needed.*

*However, we request that you please make the following additions to the manuscript:*

*1) Add a line explaining the extrapolation of the effect of 100 nM (clinical concentration) varenicline to the mechanism of trapping.*

To address this concern we have added the following: "We observed effects of varenicline on nicotine upregulation at concentrations as low as 100 nM ([Figure 1G](#fig1){ref-type="fig"}), a concentration that is estimated to occur in human brain with prescribed varenicline doses (Rollema et al., 2010). Based on our experimental evidence at higher varenicline concentrations, we would expect that the effects of varenicline at 100 nM are caused by the trapping of varenicline in acidic vesicles at this lower concentration."

2\) Clarify a little further the proposed role of high vs. low affinity receptors.

We now state: "In [Figure 4E](#fig4){ref-type="fig"}, α4β2Rs in the vesicles are depicted in two states, either α4β2Rs with high-affinity binding sites that would contribute to trapping or α4β2Rs without high-affinity binding sites. \[...\] The high-affinity binding sites appear to play a significant role in selective trapping of ^125^I-epibatidine within the vesicle lumen for long periods of time."

*3) Incorporate the working model offered in the response to reviewers into the manuscript or give some other indication to the reader of how to conceptualize these data.*

To address this concern we have added the following: "How varenicline trapping in intracellular acidic vesicles could be altering its clinical efficacy is shown in our working model of this process ([Figures 4E](#fig4){ref-type="fig"} and [5D](#fig5){ref-type="fig"}). \[...\] Clinical efficacy could therefore result from sustained varenicline levels within neurons that leaks out and desensitizes α4β2Rs, and perhaps other nAChRs, and that activity counteracts the functional upregulation of nicotine exposure."
